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Toward Next-Generation Electronic Devices
An atypically large electron concentration makes difficult the fabrication of transistors with 
transition-metal dichalcogenide layer materials. Clarifying the puzzle with angle-resolved 
photoemission spectra can enable to achieve quasi-intrinsic electronic devices with these 
two-dimensional materials.

U nlike graphene that is a gapless semiconductor, 
two-dimensional (2D) nanostructures based 

on transition-metal dichalcogenide (TMD) layer 
materials, such as MoS2, WS2 and ReS2, exhibit semi-
conducting characteristics, and have thus attracted 
considerable attention. The discovery of an electronic 
structure transition from an indirect to a direct band 
gap in MoS2 monolayers has opened a new direction 
for photonic and optoelectronic applications involv-
ing TMD layer materials. In particular, these quasi-2D 
semiconductors are ideal systems to integrate with 
graphene for the development of next-generation, ul-
trathin, flexible, transparent light-emitting, light-har-
vesting and light-detecting devices. A remarkably 
large on/off ratio up to 108–109 was also realized in 
2D MoS2 field-effect transistors (FET). 

With increasing research concentrating on varied 
applications of TMD nanomaterials, understanding 
the surface effect on electronic transport properties is 
crucial because of a large ratio of surface to volume. 
The 2D electron concentration (n2D) in monolayer and 
multilayer MoS2 FET can readily attain 2 × 1013–1 × 
1015 cm-2 under a gate voltage. The large on/off ratio 
and saturation current of 2D MoS2 FET operated in 
the depletion mode partially benefit from the large 
electron concentration, but the residual concentra-
tion at zero gate voltage of MoS2 monolayers at 5.6 × 
1012 cm-2 is much larger than that (approximately 1.6 
× 1010 cm-2) of their bulk counterparts. The atypically 
large electron concentration in the unintentionally 
doped layer semiconductor increases the difficulty of 
fabricating intrinsic and p-type MoS2 nanostructures. 
To explore the origin of heavy n-doping is critical 
for the practical control of the conducting type and 
carrier concentration of MoS2 2D structures. Especially 

van der Waals crystals such as MoS2 without dangling 
bonds are expected to have an inert surface and de-
creased surface states.

Ruei-San Chen (National Taiwan University of Science 
and Technology), Ya-Ping Chiu (National Taiwan Uni-
versity), Cheng-Maw Cheng (NSRRC) and their teams 
investigated the origin of heavy n-doping on the 
surface of MoS2.1 In the result of the transport mea-
surement, the surface electron concentration of MoS2 
is nearly four orders of magnitude greater than that 
of its inner bulk. A substantial thickness-dependent 
electronic transport in MoS2 nanoflakes beyond that 
of the quantum confinement scale was observed. This 
result reveals that the presence of a surface electron 
accumulation (SEA) exists in this layer material. The 
exposure of the sulfide surface to air might result in 
two major effects, namely, the escape of sulfur atoms 
and the adsorption of foreign molecules. 

To clarify the origin of the donor-like surface states 
in MoS2, the surface of MoS2 cleaved in situ was also 
measured under two conditions with angle-resolved 
photoemission spectra (ARPES). The authors inves-
tigated the electronic structure of MoS2 nanoflakes 
in various environments using ARPES at TLS 21B1. 
The pronounced n-doping characteristic was not 
observed in the freshly cleaved surface of MoS2. The 
ARPES measurement (Fig. 1) indicates that the freshly 
cleaved MoS2 surface exhibits a nearly intrinsic state 
without SEA, but the valence-band maximum (VBM) 
shifted gradually to greater binding energy, and a 
mid-gap state appeared between the VBM and the 
Fermi level for a MoS2 surface protractedly exposed 
to ultrahigh vacuum (UHV); this result provides di-
rect evidence that the SEA formed gradually in the 
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MoS2 surface near 300 K and even at 85 K. Because 
the freshly cleaved MoS2 surface was maintained in 
an UHV environment, they deduced that SEA might 
originate from the natural desulfurization on the 
MoS2 surface. 

Scanning tunneling microscope/spectra (STM/STS) 
were used to confirm the assumption of desulfuriza-
tion as the major reason of the SEA. The STS results 
observed also that a mid-gap state existed in an area 
with a point defect in the fresh MoS2 surface. The 
ARPES and STS results indicated that sulfur vacancies 
due to the escape of sulfur atoms from the MoS2 
surface were likely the most prominent type of sur-
face defect resulting in the SEA phenomenon. This 
understanding enables us to achieve quasi-intrinsic 

MoS2 devices with surface protection. The FET using 
quasi-fresh MoS2 nanoflakes exhibited much greater 
mobility and a smaller concentration of electrons 
than those with a pristine surface. To date, few and 
limited material systems such as InAs, InN, CdO and 
In2O3 have been found to possess this SEA character-
istic. The authors proposed the first study to demon-
strate the presence of the SEA characteristic in TMD 
and layer material systems.

In summary, Chen and his co-workers demonstrated 
that 2D electronic transport was induced with SEA 
in MoS2 nanoflakes and in the bulk. The electron 
concentration on the surface is nearly four orders of 
magnitude greater than that in the inner bulk. Nota-
bly, the metal-like surface is preventable; the intrinsic 

Fig. 1:  Aging effect at low temperature and annealing effect of surfaces freshly cleaved in situ of a MoS2 single crystal. Valence-band 
measurements of E versus kll for (a) a surface cleaved in situ at 85 K, (b) the same surface at 85 K after 11 h, and (c) the surface 
cleaved in situ annealed at 110 °C for 20 min of a MoS2 crystal recorded at 85 K with photon energy 42 eV. (d)–(e) Normal 
emission spectra at the Г point with varied binding-energy scales for the surface cleaved in situ at 85 K, the same surface at 85 
K after 11 h, and the surface cleaved in situ and annealed at 110 °C for 20 min. [Reproduced from Ref. 1]
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Fig. 1:  Experimental Ti 2p core level photoemission spectra of 
Ti2O3 taken at 300 K with hν = 1486.6 eV (black line, XPS), 
hν = 5931 eV (red circle, HAXPES ESRF), and hν ≃ 6500 
eV (dark-green triangle symbol, HAXPES SPring-8), and 
experimental Ti 2p core-level photoemission spectra of 
YTiO3 taken at 300 K (navy circle) and of LaTiO3 taken at 
200 K (green line) with hν ≃ 6500 eV (HAXPES SPring-8). 
Also shown are the theoretical configuration-interaction 
calculations using the TiO6 (blue line) and the Ti2O9 (red 
line) clusters. [Reproduced from Ref. 3]

T he temperature dependent metal-insulator tran-
sition (MIT) remains one of the most fascinating 

topics in materials science and condensed-matter 
physics. While the competition between Coulomb 
correlations and the energy bandwidth are the main 
source of localization and delocalization, it is often 
difficult to quantify and pinpoint their role in a MIT. 
The Mott-Hubbard transition is exemplified by V2O3 
(V3+ ions ≡ d2 electron system), which exhibits a 
temperature dependent first order MIT coupled to a 
structural distortion, and results in a low temperature 
antiferromagnetic insulator phase. In contrast, Ti2O3, 
(Ti3+ ions ≡ d1 electron system), which crystallizes in 
the same structure as V2O3, exhibits a gradual MIT as 
a function of temperature without an accompanying 
structural or magnetic transition.1,2 Since titanium lies 
just next to vanadium in the periodic table, the physi-
cal properties of Ti2O3 has attracted significant atten-
tion since its discovery nearly 50 years ago. However, 
its electronic structure changes across the MIT had 
remained an enigmatic unsolved problem. 

In a multinational collaboration spanning Europe 
and Asia, researchers have now succeeded to clarify 
and quantify the role of Coulomb correlations vis-à-
vis changes in structural distortion without a crystal 
symmetry change in Ti2O3. Early work emphasized the 
role of the so-called Ti-Ti c-axis dimer in Ti2O3.3 How-
ever, band structure calculations without explicitly 
including on-site Coulomb correlations failed to pro-

The Enigmatic Metal-Insulator Transition in  
Titanium Sesquioxide Ti2O3
The temperature dependent metal-insulator transition in titanium sesquioxide Ti2O3 has re-
mained an unsolved problem for more than 60 years. Scientists have now succeeded to show 
that Ti2O3 exhibits strong correlation effects coupled with an increase in the structural distor-
tion that drives the metal-insulator transition.

duce an insulating ground state for Ti2O3. In a careful 
study, L. Hao Tjeng (Max Planck Institute for Chemical 
Physics of Solids) and his co-workers have now re-
vealed the direct role of strong Coulomb correlations 

surface can be readily obtained on creating a fresh 
surface. The origin of the SEA is attributed to the 
formation of sulfur vacancies in the surface of MoS2 
due to a slow desulfurization. This finding provides 
a new insight into the fundamental properties of 
TMD layer materials and is crucial for control of the 
conduction type and doping level of MoS2, and for 2D 
device development for ultrathin flexible transparent 
electronics. (Reported by Cheng-Maw Cheng)

This report features the work of Ruei-San Chen, Ya-

Ping Chiu, Cheng-Maw Cheng and their collaborators 
published in Nature Commun. 9, 1442 (2018)
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